In ice-covered seas, traditional air-side oil spill detection methods face practical challenges. Conversely, under-ice remote sensing techniques are increasingly viable due to improving operational capabilities of autonomous and remotely operated vehicles. To investigate the potential for under-ice detection of oil spills using active acoustics, laboratory measurements of high-frequency, broadband backscatter (75-590 kHz) from crude oil layers (0.7-8.1 cm) under and encapsulated within sea ice were performed at normal and 20 incidence angles. Discrete interfaces (water-oil, oil-ice, and ice-oil) are identifiable in observations following oil injections under the ice and during the subsequent encapsulation. A one-dimensional model for the total normal incidence backscatter from oil under ice, constrained by oil sound speed measurements from À10
I. INTRODUCTION
A significant portion of the world's untapped and undiscovered reserves of gas and oil are believed to be in Arctic subsea deposits (Gautier et al., 2009) . The reduction in summer sea ice extent (Cavalieri and Parkinson, 2012) , coupled with technological advances in extraction techniques and economic and political factors may result in increased resource extraction in Arctic waters. Any expansion of hydrocarbon extraction or other activities (e.g., shipping) in the Arctic increases the risk of an oil spill. A particular concern is that an oil spill could occur under sea ice, complicating spill detection and remediation. Although the detection of oil spills under ice has been the focus of previous studies, most of these applied technologies deployed on or above the ice surface, which requires that the sensors penetrate through the ice and any snow cover (Wilkinson et al., 2013, and references therein) . In recent years, the successful operation of underwater vehicles under sea ice cover (Wadhams et al., 2006; Kunz et al., 2009; Williams et al., 2015) has increased interest in the viability of oil detection with sensor packages deployed below the ice.
Recent work has highlighted the potential for detecting thin oil layers trapped beneath sea ice using acoustic backscatter techniques (Bassett et al., , 2015 Wilkinson et al., 2015) . This study builds on this work by further examining the use of high-frequency (f > 50 kHz) broadband acoustic backscatter techniques. To understand acoustic backscatter from oil and ice, it is important to first understand what sea ice "looks" like acoustically. The important scattering features, which are related to the sea ice morphology, include the sound speed and density structure of the ice and the roughness at acoustically relevant scales.
Ice growth below a consolidated ice sheet takes the form of congelation ice, also referred to as columnar ice, which constitutes a majority of a first year ice pack. Congelation ice forms as an ice sheet grows downwards. Rather than forming a smooth ice-water interface, as sea ice freezes it forms a complex binary phase structure. As salt is rejected during freezing of the pure ice, a morphological instability develops, and the ice interface develops a fine-scale corrugated structure of parallel dendrites (up to 1 cm long and <1 mm wide) that trap brine within the grooves. This complex zone near the base of the ice where the dendrites are present and the porosity is relatively high is referred to as the skeletal layer (Weeks, 2010) . As downward growth of the ice continues, these dendrites pinch off and a complex brine network forms within the ice, including isolated brine pockets, interconnected channels, and vertical tubes through which cold, dense brine can drain into the seawater below. Due to the a) Current address: National Marine Fisheries Service, Alaska Fisheries Science Center, Resource Assessment and Conservation Engineering Division, 7600 Sand Point Way NW, Seattle, WA 98115. Electronic mail: chris.bassett@noaa.gov temperature-controlled freezing point of the brine and brine drainage from the ice, this network varies from the regular, porous structure in the skeletal layer to a complex network of less connected brine pockets and channels higher up in the ice (e.g., Weeks, 2010) . Although alignment of the dendrites in the skeletal layer is regular within individual ice crystals, they are rarely aligned uniformly on larger scales (greater than a few centimeters) except in the presence of strong currents under shorefast ice (Weeks and Gow, 1978) . Previous work has identified and focused on two ways in which the properties and structure of sea ice contribute to the acoustic scattering. First, within the skeletal layer the bulk properties vary between those of seawater and the less porous sea ice above. This transition in the bulk acoustic properties results in a reflection coefficient that decreases with increasing frequency until reaching an asymptotic regime (f > 150 kHz) where the reflection coefficient is attributed to the acoustic impedance mismatch at the waterice interface Williams et al., 1992; Winebrenner, 1992; Mourad and Williams, 1993) . The complex structure of the skeletal layer and dendrites also plays an important role in the observed backscatter from sea ice. Stanton et al. (1986) analyzed echo statistics from laboratory grown sea ice, fitting Rice probability density functions (PDFs) to the observations. For an acoustically smooth surface the Rice PDF approaches a Gaussian distribution, while a rough surface, with no coherent echo contribution, results in a Rayleigh PDF (Rice, 1952) . Stanton et al. (1986) showed that for frequencies below 200 kHz the laboratorygrown sea ice was relatively smooth (near-Gaussian PDF), while for frequencies greater than 400 kHz the ice was acoustically rough and the distributions approached Rayleigh PDFs. From these statistics a root-mean-square (rms) roughness of approximately 0.3 mm was inferred, a value consistent with the observed spacing between the dendrites in the experiment. Combining these results, it can be inferred that at frequencies where the ice appears acoustically smooth, the scattering is dominated by the coherent reflection resulting from the gradient of the acoustic properties within the skeletal layer, while at high frequencies the scattering is driven by a combination of the roughness and the impedance mismatch between the ice and the seawater.
The behavior of crude oil spilled under ice is controlled by a large number of factors including, but not limited to, the ice morphology, the current physical state of the ice (e.g., growth versus melt), and the properties of the oil. Assuming the oil is sufficiently "light," as is typical of most crude oils, a spill underwater will result in a buoyant plume that rises through the water column to the surface interface (water-air or water-ice) where boundary conditions determine further transport. A previous laboratory investigation of the behavior of oil spilled under unconsolidated ice crystals and small ice pans, known as frazil and pancake ice, shows that the absence of a consolidated surface permits the rapid upward transport of oil through the ice layer followed by lateral spreading along the ice-air interface . Under such circumstances, the oil layer is difficult to identify acoustically but has a visual surface expression .
When the surface ice layer is consolidated the upward transport of oil is limited to percolation through the brine channels, while lateral spreading occurs along the water-ice interface (Wadhams, 1976; Malcolm, 1979; Martin, 1979) . Under "smooth" ice, the equilibrium thickness of oil is determined by small-scale under-ice topography and interfacial forces, resulting in thicknesses ranging from 0.5 to 2 cm or more (Keevil and Ramseier, 1975; Greene et al., 1977; Kovacs et al., 1981) . Under natural ice cover variable snow loading and ice deformation produce more variable underice topography, providing natural catchments for oil. Based on investigations of under-ice topography, it is estimated that oil thicknesses could vary from equilibrium thicknesses under smooth ice to tens of centimeters or more under rough ice, but that oil would only be present under a fraction (<10%) of the ice cover due to preferential spreading between interconnected depressions along areas of thinner ice (Wilkinson et al., 2007) .
If a spill occurs during sea ice growth, the ice can form a lip around the oil layer, preventing further lateral spreading. Compared to the surrounding ice-free areas, the ice growth rate under the oil is reduced due to the increased thermal resistivity of the combined ice and oil layers (Lewis, 1976; Izumiyama, 2004) . If sufficient heat transfer still occurs across the oil layer, ice eventually encapsulates the oil, forming an "oil sandwich" (NORCOR, 1975) . Additional ice growth below the oil layer appears to be crystallographically disconnected from the ice above the oil. Percolation of the oil into the ice is limited to the skeletal layer and brine channels in low concentrations (<5% by vol.) within the bottom few centimeters of the ice when the ice cover is stable or growing (NORCOR, 1975; Karlsson et al., 2011) . In contrast, during periods of melting upward transport of oil can occur through brine channels due to the increased porosity of the ice (NORCOR, 1975; Martin, 1979) .
Previous studies have shown that both high-frequency narrowband and broadband (Bassett et al., , 2015 acoustic backscatter techniques can detect a layer of crude oil under congelation ice in a controlled, laboratory setting. This work focuses on further investigating the applicability of high-frequency (75-590 kHz) broadband acoustic scattering techniques for detecting and quantifying crude oil spills under growing congelation ice. Expanding on previous work, the analysis here includes multiple controlled oil injections representing a broader range of realistic oil thicknesses (0.7-8.1 cm) in addition to observations of nonnormal incidence broadband backscatter from ice and oil under ice. The oil injections were also sampled acoustically during the encapsulation process to investigate the feasibility of using high-frequency acoustic backscatter to identify encapsulated oil. To support the measurements and further development of a one-dimensional (1D) normal incidence model for oil under ice, a time-of-flight experiment to determine the temperature-dependent sound speed of the crude oil was also performed. Considerably more supporting information (e.g., environmental measurements, ice cores, video) is available to aid in the interpretation of results than was available in previous experiments focused on acoustic techniques for under-ice remote sensing of oil.
II. EXPERIMENTAL SETUP AND METHODS
The measurements of high-frequency broadband acoustic scattering from laboratory-grown sea ice and crude oil were performed in the Ice Engineering Facility Test Basin at the Cold Regions Research and Environmental Laboratory (CRREL) in Hanover, NH. These acoustic measurements were performed as part of a larger project funded by the Arctic Oil Spill Response Technology Joint Industry Programme with the goal of enhancing knowledge and capabilities in the area of Arctic oil spill response through focused research in three areas: surface remote sensing, subsea remote sensing, and modeling to understand the potential sensor performance under field conditions. Sound speed measurements of oil versus temperature were performed in a cold room at Woods Hole Oceanographic Institution (WHOI) in Woods Hole, MA. All measurements discussed here were obtained between November 3, 2014 and January 23, 2015. The facilities, instrumentation, and processing techniques are described in Secs. II A-II F.
A. Ice Engineering Facility Test Basin and oil injections
The Ice Engineering Facility Test Basin at CRREL is 36.6 m long, 9.1 m wide, and 2.4 m deep (Fig. 1) . It was subdivided into smaller areas (2.5 m Â 3 m), referred to here as "hoops," to perform multiple oil injections with different volumes of oil. These primary hoops were located along the long-axis of the tank. A vinyl-coated polyester curtain that hung deep enough to contain the oil within the hoop surrounded each injection area. Six total primary oil injections with different oil volumes were performed. Results from four representative injections are presented. Additional smaller (1.5 m Â 1.5 m) control hoops located off-axis were used to obtain ice cores to examine the physical properties of the ice.
A rail/cart system was used for sampling under the ice and oil injections (Fig. 2) . The rails, which ran the length of the tank, were leveled prior to the experiment. Movement of the cart was controlled by a chain drive and underwater servomotor driven by an air-side computer. Tests performed prior to the experiment showed that the location of the cart was controllable with centimeter-scale horizontal precision. An underwater pan/tilt/zoom video camera was mounted on the cart to visually monitor the oil injections, post-injection oil behavior, and ice growth.
For each oil injection multiple holes were drilled through the ice outside of the containment curtain immediately prior to the injection. A flexible hose attached to a pump and the oil storage container was lowered through one hole. Video cameras were lowered through the others to both record the oil injection and to determine the location of the hose outlet relative to the containment curtain. The oil for the injection was pumped from the storage containers at a low pressure to allow the oil to rise to the surface as a result of buoyancy. Care was taken to avoid introducing air under the hoop during the oil injection process. The oil used in all injections was an Alaskan North Shore crude with an American Petroleum Institute (API) gravity of 29.8 .
B. Acoustic sampling
To make measurements of the ice and oil prior to, during, and after the injections the rail/cart system was used to move the instruments to the desired location along the axis of the tank. A total of six transducers (mono-static operation) were mounted on the cart: three transducers (one of each frequency) at both normal (0 ) and 20 incidence angles. The transducers were custom Airmar Technology Corporation (Milford, NH) broadband transducers that transmitted one of three linear frequency-modulated signals based on their nominal frequency (Table I ). Throughout the experiment there was significant overlap between the transducer footprints. A custom Edgetech sonar system, described in detail in Lavery et al. (2010) , operated the transducers from a pressure housing mounted on the cart. Modifications were made to each channel's amplifier to avoid saturating the received signals in the tank. The amplitudes of the transmitted signals were maintained at a constant level throughout the calibration and experiment. Specific channels are referenced by their bandwidth where B1, B2, and B3 refer to 75-130 kHz, 125-225 kHz, and 370-590 kHz, respectively. Each channel reference is accompanied by a subscript N or O for either normal or oblique incidence angles (e.g., the 75-130 kHz, normal incidence transducer is referred to as B1 N ).
The data presented here are derived from two types of measurements following four different oil injections (hoops 2, 4-6). First, time series sampling was performed prior to, during, and following oil injections to identify crude oil layers and to monitor the encapsulation process. During time series sampling the cart was located under the center of a hoop and the transducers pinged every 10 s. The signal-tonoise ratio was sufficiently large during the experiment that little ping-to-ping variability was observed, obviating the need for further averaging. With the exception of periods when the cart was performing spatial sampling or was removed from the water the cart remained under the center of a hoop to obtain time series data. Second, spatial sampling was performed along the axis of the tank to obtain data from the ice and to map the spatial variability of the oil layers. During spatial sampling transects the ping rate on each channel was 7-10 Hz and velocity of the cart was 2 m/min. This speed corresponds to approximately 3.3-4.7 mm/ping and results in significant overlap in the acoustic footprints (see Table I ). Throughout the experiment the delay between pings on different channels was set to 20 ms to avoid crosstalk.
C. Calibration
To calibrate the pulse-echo system the air-water interface was used prior to the formation of ice. In the absence of significant surface disturbances (e.g., surface waves), reflections from the pressure-release air-water interface are phaseshifted replicas of the transmitted signals. Using the pressure-release interface for calibration accounts for the combined transmit and receive sensitivities in addition to any distortion of the signals introduced by the power electronics. Calibration measurements were performed after the tank was filled, cooled to a near freezing point, and the surface had settled. During calibration the oblique transducers were oriented normal to the surface. The received echoes during calibration were stable, suggesting minimal surface disturbances. Temporal domain calibration data were obtained by coherently averaging the compressed pulse output. Frequency-domain calibration curves were determined by taking the linear average of the spectra. Further processing of the acoustic backscatter data is described in Sec. II D and example curves from the calibration process are shown in Fig. 3 .
D. Acoustic data analysis
Temporal domain
Backscatter measurements are analyzed using pulse compression techniques (Turin, 1960; Stanton et al., 1998; Chu and Stanton, 1998; Stanton et al., 2010) . In comparison to traditional narrowband techniques, which have a temporal resolution proportional to the pulse length, broadband signals analyzed using pulse compression techniques have a temporal resolution proportional to 1/B, where B is the bandwidth of the pulse . The compressed-pulse output, which is obtained following Eq. (14) in Stanton et al. (1998) is presented here in terms of the compressed-pulse envelope, E CP .
Prior to the oil injection, the first significant echo in E CP is associated with the water-ice interface, and the range to this interface is given by r ¼ ðc w =2Þt, where c w is the sound speed of the water determined from conductivity, temperature, and depth (CTD) measurements and t is the delay time to the first interface peak in E CP . Once injected, the buoyant oil forms a layer under the ice. When the oil layer is sufficiently thick E CP contains peaks from both the water-oil and oil-ice interfaces. The thickness of the oil is then given by
where c oil is the sound speed of the oil, and t oil;ice and t w;oil are the time delays that correspond to the peaks in E CP associated with the oil-ice and water-oil interfaces, respectively. Additional lower amplitude peaks are often present and can be attributed to inhomogeneities within the oil and ice layers and the ice-air interface. During spatial sampling under oil injections an automated approach to inferring h oil from E CP is implemented. This approach searches for two peaks in the normalized autocorrelation of E CP that had a prominence of greater than 0.05 relative to local minima. The time lags associated with these peaks are then applied to Eq. (1) to calculate the oil thickness. If two sufficiently prominent peaks are not present then it is assumed that no oil layer is present.
Frequency domain
Frequency-domain results are presented in terms of a ratio of the scattered pressure to the incident pressure field [modified form of Eq. (10) in DiPerna and Stanton (1991) ]
where x is the angular acoustic frequency, P scat is the amplitude of the scattered pressure, P inc is the amplitude of the incident pressure at the scattering interface, r scat is the range to the scattering interface, and r cal is the range to the pressure-release interface during calibration. V R ðxÞ and V R cal ðxÞ are the absolute values of the Fourier transforms of the compressed-pulse time series and the compressed pulse calibration time series, respectively. A term accounting for the amplitudes of the transmitted signals is generally required, but, in this case, is not included because the same signals and power levels were used throughout the experiment. This equation, used in previous studies (Lavery and Ross, 2007; Bassett et al., 2014 Bassett et al., , 2015 , accounts for the range dependence of the incident pressure but does not necessarily account for the range dependence of the scattered pressure. As a result, direct comparisons between R P at different ranges are only appropriate under some circumstances.
There are two limiting cases for the range dependence of the scattered pressure and therefore the direct comparisons between R P . In the first case, the roughness (typically described by the rms surface height) of a scattering interface is small relative to the acoustic wavelength (i.e., k ( h rms ) and the scattered pressure has a 1/2r scat range dependence. Such acoustically smooth interfaces result in a range independent R P that is analogous to a reflection coefficient. When an interface is not acoustically smooth a direct comparison of R P at different ranges may be inappropriate. Under these conditions the range dependence of the scattered pressure can be as large as 1/r 2 . However, the limited ranges under consideration in this study (1.6-2.2 m) result in a maximum difference between the amplitude as presented and the limiting case with a 1/r 2 range dependence is approximately 2.4 dB. R P is presented in log space and attenuation in the water has been accounted for following Francois and Garrison (1982a,b) . Attenuation in the oil is neglected.
To obtain the backscatter spectrum the compressed-pulse output is time-gated to include any echoes associated with the water-ice, water-oil, or oil-ice interfaces, but not the iceair interface. For consistency, the same time gate was used for all channels throughout the experiment. As described in Sec. II E, the inclusion of multiple interfaces, if present, leads to a spectral structure that can be used to infer the range between the interfaces if the material properties are known (Stanton et al., 1994) . The thickness is inferred from the spectra by identifying local minima at least 2 dB lower than the adjacent peaks. The mean difference in frequency between the nulls, Df , is calculated and the oil layer thickness is inferred according to h oil ¼ c oil =2Df .
E. Crude oil density and sound speed measurements
The density and sound speed of the 2014 Alaska North Slope crude oil were measured to constrain the reflection coefficients at the water-oil and oil-ice interfaces. An analysis of the oil properties (e.g., density, viscosity, and pour point) was performed by SL Ross Environmental Research Ltd. Using an Anton-Paar (Ashland, VA) density meter (ATSM, 2011) the crude oil density was measured at two temperatures (0 C and 20 C) when the oil was fresh (limited evaporation had occurred). Here our concern is with the density of the fresh oil given the limited air exposure prior to the injections.
To measure the sound speed of the oil versus temperature a small Delrin sound speed measurements the tank was filled with the crude oil, covered in plastic wrap, insulated, and placed in a cold room at WHOI. The temperature was then decreased in the cold room and a 100 ls linear frequency-modulated signal from 250 to 750 kHz was transmitted and recorded every 10 s. The transducers were driven by the laboratory measurement system described in Bassett et al. (2014) ; Fig. 1 . A thermistor in the oil, driven by an Arduino Uno, averaged 75 temperature measurements and recorded a single data point every 5 min. The sound speed is determined by
where l o is the distance between the transducers and t is the time delay of the first arrival calculated applying pulse compression techniques to the received signal (Sec. II D 1). Both the transmitted and received signals were sampled at 10 MHz. The uncertainty in the sound speed based on the direct path arrival time, r c , is described by
where r l o is the uncertainty in the measured distance between the transducers, and r t is the uncertainty in the measured time of arrival of the pulses. The measured distance between the transducers at 23 C was 27.4 6 0.1 cm. For comparison, the tank was filled with fresh water from another tank where a Star-oddi (Skeidaras 12, 210 Gardabaer, Iceland) Starmon mini was used to measure the temperature (20.56 6 0.02 C). The sound speed of the fresh water was calculated to be 1484.1 6 0.1 m/s (Del Grosso and Mader, 1972) . The same signals used to calculate the oil sound speed were used to estimate the uncertainty in the temporal resolution of E CP and to compare the measured and acoustical inferred distance between the transducers. A total of 50 pings were averaged prior to calculating E CP . Rearranging Eq. (3) to solve for l o and applying the sound speed of the water and t from the peak in E CP , the calculated distance between the transducers was 27.5 6 0.1 cm, a value indistinguishable from the manual measurement. The temporal uncertainty, r t ¼ 0.5 ls, was determined as the length of time over which E CP exceeded 95% of its peak value. Following Eq. (4) the calculated uncertainty was 5.9 m/s.
With the experimental apparatus experiencing a large temperature range, thermal expansion could affect sound speed measurements. Linear thermal expansion is described by
where dl is the change in length, l o is the initial length, T f is the final temperature, and T i is the initial temperature. Using the coefficient of linear thermal expansion for Delrin V R , 1 a ¼ 12 Â 10 À5 1/ C, the change in distance between the transducers from 20 C to À10 C is approximately À3.6 mm. This 3.6 mm contraction is larger than the uncertainty in the range based on the measurements made at room temperature. Therefore, the thermal expansion term is included in the analysis and the equation for sound speed becomes
F. Supporting measurements
The properties of the water were determined throughout the experiment using a SonTek CastAway V R CTD sensor. The water sound speeds were calculated according to Chen and Millero (1977) . To independently monitor ice growth and the temperature of the ice, two thermistor strings were deployed in the tank prior to freezing. Each thermistor string had independent sensors spaced at 10 cm intervals from the water-air interface to the bottom of the tank. CTD casts and thermistor string temperature profiles were obtained on a regular basis throughout the experiment.
Ice cores taken at different stages of the experiment were analyzed to determine the ice thickness, investigate the microstructure of the ice, measure the salinity of the ice, and to observe the impact of the oil injections on the ice, with a particular focus on the skeletal layer. At the time of each injection 7.5 cm diameter ice cores were drilled outside of the oil containment curtains. Ice cores used to investigate the impact of the oil injections were drilled in the small hoops soon after the injections while ice cores in the large hoops were drilled at the end of the experiment. In all cases, care was taken to avoid damaging the fragile skeletal layer and to obtain the entire ice core. For cores with encapsulated oil, this included two crystallographically disconnected subcores separated by the oil layer. During all coring periods, multiple ice cores were obtained. Two cores were used to determine the physical state of the ice (e.g., salinity, density, thickness, and crystallography) while a separate core was used for ice microstructure observations. All cores were digitally imaged immediately after drilling.
Ice microstructure was investigated using a SkyScan1173 benchtop, research-grade micro computed tomography (micro-CT) scanner that was modified to work in a À10 C cold room. Ice cores were sectioned so that the bottom 10 cm of the core was first cut, then placed top-side down in a container to allow brine to drain out of the sample without damaging the fragile skeletal layer. The bottom of the core was taken to the micro-CT facility for scans immediately after drilling. Remaining portions of the cores were bagged and scanned in 10 cm sections, typically within 24 h. All ice cores were stored at colder temperatures, which likely resulted in some freezing of the brine channels. Most cores were scanned with a 65 lm resolution although a subset of ice cores with encapsulated oil was scanned at 40 lm. The relevant results from the micro-CT scans include the thickness of the skeletal layer, which was defined as the portion of the ice sheet in contact with the water that contained space between dendrites; brine channel size and orientation; and the dimensions and spacing of dendrites.
III. A 1D NORMAL INCIDENCE ACOUSTIC BACKSCATTER MODEL FOR CRUDE OIL UNDER SEA ICE
Backscatter observations from a crude oil layer under congelation ice prior to the encapsulation have shown that under controlled conditions the signal is consistent with 1D reflections from a three-layered medium (water, crude oil, and ice) with smooth interfaces (Bassett et al., 2015) . The reflection coefficient as a function of frequency is described by R k ð Þ ¼ R w;oil þ R oil;ice e 2jkh oil 1 þ R w;oil R oil;ice e 2jkh oil ;
where R is the total reflection coefficient, R w;oil is the reflection coefficient at the water-oil interface, R oil;ice is the reflection coefficient at the oil-ice interface, k is the vertical wavenumber in the oil, and h oil is the thickness of the crude oil layer (Medwin and Clay, 1998) . All of the important input parameters to this simple model were measured and/or constrained by the experiment and are described below.
A. Water properties
Given the reflection coefficients in Eq. (7), the acoustic properties of the different layers determine not only the amplitude but also the structure of the echoes. The temperatures and salinities observed throughout the experiment ranged from À0.7 C to À2.4 C and 26.8 to 37.4 PSU, respectively. These values correspond to densities of 1022-1031 kg/m 3 and sound speeds of 1435-1441 m/s. Given these ranges, the acoustic impedance of the water changed less than 2% throughout the experiment, so representative values (q w ¼ 1024 kg/m 3 , c w ¼ 1437 m/s) are used along with the acoustic properties of the oil (described below) to calculate the reflection coefficient at the water-oil interface.
B. Properties of the ice
In Bassett et al. (2015) the lowest frequency analyzed was 200 kHz and, due to the short wavelengths, R oil;ice was assumed to be a function of only the mismatch in acoustic impedance between the oil and the bottom of the ice. In practice, sound speed and density gradients near the water-ice interface result in a frequency-dependent reflection coefficient that are important at lower frequencies (f < 100 kHz) Williams et al., 1992; Winebrenner, 1992; Mourad and Williams, 1993) . The reflection coefficient is calculated by assuming a smooth interface and applying a modified version of the hyperbolic tangent-based sound speed profile described in Winebrenner [1992, Eq. (40) ] where the water properties have been replaced with oil. Here, the sound speed profile is described by
where c oil is the sound speed of the oil, c 1 (3800 m/s) is the bulk sound speed of the ice, c a (1700 m/s) is the sound speed of the ice at the oil-ice interface, and d o ¼ 150. Analysis of ice cores and micro-CT scans obtained prior to oil injection revealed skeletal layers up to 2 cm (60.5 cm) thick. During the growth and encapsulation stages of the experiment dendrite thicknesses were 0.3-0.6 mm and dendrite spacing ranged from 0.2 to 0.6 mm with no clear patterns emerging over the period presented here. This parameterization of the sound speed profile reaches the bulk sound speed of the ice at approximately 2 cm rather than the roughly 5 cm used by Garrison et al. (1991) and Winebrenner (1992) . Typical bulk salinity measurements for the cores ranged from 5 to 9 parts per thousand throughout the experiment with maximum salinities near the water-ice interface. Thermistor chains frozen into the ice generally showed linear temperature profiles. Density measurements of the ice were typically around 900 kg/m 3 . This is low for young and first-year ice, suggesting these densities may have been altered by the drainage of brine during the coring process. For the model, the density of the ice is assumed to be 920 kg/m 3 , a value consistent with in situ observations of first-year sea ice below the waterline (Timco and Frederking, 1996) . The bulk salinity and temperature profiles are consistent with ice properties obtained in previous in situ acoustics experiments (e.g., Garrison et al., 1991) . The relative change in density between the water and ice is small ( 10%) compared to the change in sound speed (!250%) so the impact of assuming a constant density within the ice is limited (Winebrenner, 1992) .
C. Acoustic properties of crude oil
The oil densities measured at 0% evaporation by volume were 889 and 874 kg/m 3 at 0 C and 20 C, respectively. 3 (oil at 0 C) are applied to calculate the reflection coefficients from the water-oil and oil-ice interfaces. The temperature of the oil at the time of the injection was approximately 0 C and while it is expected that the oil immediately begins to lose energy to the surrounding ice and water, the initial assumption of 0 C is appropriate because (1) reasonable bounds on the oil temperature result in only small changes to the acoustic properties (<2%), and (2) encapsulation begins once the oil temperature is sufficiently low to allow water below the oil layer to freeze, which had not yet occurred for the data and models comparisons presented here.
IV. RESULTS

A. Normal incidence backscatter from sea ice
The observed backscatter from the water-ice and oil-ice interfaces is frequency-dependent. Figure 5 shows normal incidence E CP and R P derived from 225 pings (with no oil) obtained with the cart between two hoops. The envelopes from B1 N are relatively stable. That is, there is only a small amount of variability in amplitude (<20%), the envelopes contain a single peak associated with the water-ice interface, and the inferred range to the interface is constant from pingto-ping. At higher frequencies the amplitudes of the peaks in E CP are lower but more variable. This variability is attributed to the small-scale structure of the skeletal layer of ice, volume inhomogeneities (e.g., brine channels), and to largerscale undulations on the bottom of the ice.
The R P spectrum [ Fig. 5(b) ] shows a decrease in the mean amplitude from À9 dB (R ¼ 0:13) at 75 kHz to roughly À15 dB (R ¼ 0:03) across the 390-590 kHz band. The gray spectra, one for each of the 225 pings, show that the variability in the backscatter spectra is small at the lowest frequencies (62 dB) but significant (þ5/À15 dB) at the high frequencies for the aforementioned reasons. At low frequencies these observations agree well with a reflection coefficient curve based on a hyperbolic tangent sound speed profile in the ice Winebrenner, 1992) , which allows short wavelengths to be more effectively transmitted across the water-ice interface. However, at high frequencies the observations diverge and are lower in amplitude than a smooth water-ice interface with the modeled sound speed profile alone would predict. PDFs at 90, 200, and 450 kHz and their fits to a Rice distribution [Figs. 5(c)-5(e)] show the gradual shift from a Gaussian-like distribution at 90 kHz to a Rayleigh-like distribution at 450 kHz. This transition in the distribution type, in addition to the variability noted in Fig.  5 (a) at relatively high frequencies, suggests that, as discussed in Stanton et al. (1986) , the roughness of the ice relative to the acoustic wavelength plays an important role in highfrequency (f > 150 kHz) scattering from the ice. For the B3 N echoes, which also have the largest bandwidth, the envelopes show distinct arrivals from the water-oil and oilice interfaces in all four cases. Furthermore, the amplitude of the echoes associated with the water-oil interface are larger than those associated with the oil-ice interface. For B2 N echoes both interfaces are identifiable only when the oil thickness exceeds 0.8 cm. For thinner oil layers only a single echo is present because the bandwidth and associated temporal resolution are insufficient to resolve both interfaces. For B1 N the bandwidth limits the identification of echoes from both interfaces to oil layers thicker than 1.6 cm. In contrast to the higher-frequency channels, in some cases the echo from the water-oil interface is larger in amplitude while in other cases the echo from the oil-ice interface is larger. The precise physical mechanism for these differences cannot be ascertained with the available measurements.
As predicted by Eq. (7), the backscatter spectra [Figs. 6(e)-6(h)] show a pattern of peaks and nulls that are consistent with scattering from multiple interfaces. The spacing of the nulls, as expected based on the model, decreases as h oil increases. Although the relative amplitudes of E CP for the water-oil and oil-ice interfaces vary for the different h oil values, the spectra show that the peak amplitudes of the spectra in the different frequency bands are comparable for each of the oil thicknesses. The depth of the nulls, however, is sensitive to the relative amplitudes of the peaks in E CP associated with the interfaces (the nulls are deepest when the amplitude of the echoes are comparable). In Fig. 6 (b) (h oil ¼ 0.7 cm), the spectrum from 120 to 220 kHz does not show the peaks and nulls consistent with the oil layers because the bandwidth does not allow the resolution of both interfaces; however, the amplitude of the spectrum is greater than the amplitudes typically observed from ice scattering alone, suggesting that even thin oil layers may be resolvable due to changes in the echo amplitudes.
C. Normal versus oblique incidence backscatter E CP and R P for normal incidence data are compared to co-located and co-temporal 20 incidence angle measurements in Fig. 7 . Unlike the normal incidence observations, the oblique backscatter results do not include well-defined echoes from interfaces during transects under the oil injections. The echoes from the water-oil and oil-ice interfaces do, however, appear more variable than echoes from the waterice interface and suggest that volume scattering from inhomogeneities in the oil and ice and interface roughness may be important at oblique angles. Comparisons between the normal and oblique incidence backscatter spectra with and without an oil layer are compared in Figs. 7(c) and 7(d). Under both ice and oil, B1 N and B2 N spectra are flat or decrease with frequency due to sound speed structure of the ice and interfaces. At these same frequencies the trend in the oblique spectra is the opposite; the amplitudes increase with frequency. This trend is attributed to a relative decrease in the acoustic roughness of the interface at lower frequencies. B3 N and B3 O spectra are, on average, of comparable amplitude under ice, but in the presence of oil the normal incidence echoes are higher in amplitude and well-structured in comparison to the oblique observations.
D. Model-data comparisons
The modeled normal incidence, frequency-dependent reflection coefficients for the different interfaces, in addition to a comparison between the observed and modeled total reflection coefficients for two oil thicknesses (0.7 and 4.1 cm), are shown in Fig. 8 . Model results in Fig. 8(b) are based on an independent fit to the peaks/nulls in B3 N because no null structure is resolved with the lower-frequency channels. Each spectrum in Fig. 8(c) is fit independently, which is important because the null spacing is not highly sensitive to the oil thickness but the location of the nulls is. In general, the difference between the minimum and maximum oil thicknesses inferred from the fits is less than 10%. In addition to good agreement between the modeled structure and the observations, the increasing reflection coefficient at low frequencies is observed in both the data and the model and supports the use of the sound speed gradient in the ice at these frequencies.
Figures 9(a) and 9(b) include E CP and R P observations as the cart moved from ice, under the oil, and back to ice. As the cart moves under the hoop the unique interfaces both become identifiable in E CP [ Fig. 9(a) ] before the layer becomes thinner as the cart moves back to the ice on the other side. Likewise, in R P [ Fig. 9(b) ] the signals associated with the oil layer are quite clear. While under the oil layer the peak/null patterns are present in the spectra and the gradual shifts in the null spacing as the thickness of the oil layer changes can be followed visually. Using E CP and R P the thickness of the oil layer is inferred and plotted versus the under-ice locations in Fig. 9 (c) according to descriptions in Secs. II D 1 and II D 2. These two approaches to inferring h oil from normal incidence data agree well despite their simplicity, which suggests that an automated approach to identification of oil layers under ice is feasible.
E. Normal incidence backscatter from crude oil encapsulated in ice
The results in Secs. IV A-IV D demonstrate that the presence an oil layer under ice is detectable prior to encapsulation in both the frequency and temporal domains. Following the oil injection the vertical temperature gradient across the ice results in continual cooling of the oil layer until the temperature is sufficiently low to permit further ice growth. Figure 10(a) shows a time series of E CP using the normal incidence low-frequency transducer for 160 h following one of the oil injections. Based on these data, acoustically inferred encapsulation of the oil occurs approximately 75 h after the oil injection. While the presence of multiple echoes near the initial water-oil interface is a clear indication of encapsulation, the process can also be inferred by an increase in the apparent temporal "width" of the interface prior to being able to independently resolve both interfaces [e.g., compare envelopes at 60 h and approximately 115 h in Fig. 10(a) ]. Due to the bandwidth of the low-frequency transducer, encapsulation was not evident in changes in E CP until the inferred range to the bottom interface had changed by more than 2 cm.
Figures 10(b)-10(g) include examples of E CP and R P at three times following the oil injection. At 24 h, encapsulation had not occurred while at 90 and 160 h the amount of inferred encapsulation was 2.9 and 5.3 cm, respectively. In Fig. 10 (c) (90 h) there are clear echoes from three interfaces (water-ice, ice-oil, and oil-ice) for the B1 N and B2 N channels. At 160 h [ Fig. 10(d) ] the echoes are consistent with multiple interfaces, which, as shown in Fig. 5(a) , do not typically occur from ice only. However, the echoes are not as well-defined as at 90 h. Nulls and peaks remain present in R P following encapsulation but structure of the spectra is more complex. With time following oil encapsulation the spectra become more consistent with scattering from ice alone. Here, the time-gates used are sufficiently long to include echoes from all interfaces with the exception of the ice-air interface. The use of shorter time gates that result in the exclusion of a given interface would decrease the complexity of the interference patterns from the multiple interfaces.
F. Ice cores
A backlit slab cut from the ice above an oil injection, an ice core following oil encapsulation, and micro-CT scans of skeletal layers are shown in Fig. 11 . The presence of oil within the brine channels is clearly evident although the total oil entrainment is limited to a small portion of the volume of the slab. As shown in Fig. 11(b) , the skeletal layer of the ice remains intact despite being in contact with the oil layer. All slabs and ice cores [ Fig. 11(c) ] confirm that for encapsulated oil the ice layers were crystallographically disconnected and that no oil was present in the ice layer growing beneath the oil. Micro-CT scan results, including ice outside of a hoop (e)-(g) R P at 24, 90, and 160 h. Following encapsulation the amplitude of R P decreases by more than 5 dB and the structure of the spectra becomes increasingly complex, indicating the presence of an additional interface.
[ Fig. 11(d) ] and ice from above an encapsulated oil layer [Fig. 11(e) ], had similar dendrite geometries and skeletal layer thicknesses, further suggesting the oil had a limited impact on the skeletal layer. It is entirely possible that if the oil was injected at a higher temperature (in this case the oil temperature at the time of injection was approximately 0 C) that changes to the fragile skeletal layer would be more evident.
V. DISCUSSION
Results from this study demonstrate that under controlled laboratory conditions high-frequency broadband acoustic backscatter techniques can be used to detect crude oil spills both under and encapsulated in congelation ice. While lower frequencies penetrate further into the ice and scatter less from small-scale inhomogeneities, the useful bandwidth of lowerfrequency transducers is generally smaller, resulting in a coarser temporal resolution. Furthermore, the reflection coefficient of ice increases rapidly at low frequencies so a smaller proportion of the acoustic energy is transmitted through the water-ice interface where it is available to scatter from an encapsulated oil layer. The nominal center frequencies (100, 160, and 500 kHz) of the transducers used in this experiment were motivated by previously published data about backscatter from sea ice (Stanton et al., 1986) and crude oil under sea ice (Bassett et al., , 2015 ; the hypothesis being that these transducers and signals would strike an appropriate balance between the desired temporal resolution and the complexity of the echoes.
Observations of backscatter during spatial sampling under the ice outside of the oil containment curtains agree well with previous studies. At frequencies less than 150 kHz the amplitudes of the backscatter spectra are consistent with a reflection coefficient curve that is dominated by the sound speed profile of ice Winebrenner, 1992) . At higher frequencies the backscatter spectra are highly variable suggesting that the roughness of the ice plays an important role in the acoustic scattering as suggested by Stanton et al. (1986) . Once oil is injected under the oil there is a significant (order 5 dB) increase in the amplitude of the normal incidence backscatter spectra across all of the frequencies in this study. These increases in the amplitude of the echoes occur along with the ability to resolve echoes associated with both the water-oil and oil-ice interfaces when the temporal resolution permits. For all frequencies used in this experiment there is good agreement between the 1D normal incidence backscatter model based on the reflection coefficients calculated using the acoustic properties of the layers assuming smooth interfaces. In comparison to the normal incidence observations, the oblique data are difficult to interpret and are more spatially variable. An improved understanding of non-normal incidence backscatter would significantly improve the effectiveness of acoustic backscatter techniques for this application and should be the focus of future work.
Although not a significant source of uncertainty in this particular experiment due to the short ranges, the range dependence of backscatter from oil and ice would be required to quantify echo amplitudes in situ. Similarly, it was not possible to consider the impact of the acoustic footprint on the interpretation of the echoes. At larger ranges these terms could be important for two reasons. First, the spatial sampling under the injections (Fig. 9) suggests variability in oil thickness and interface roughness on sub-meter scales. Second, a natural ice sheet is expected to have more topographic variability, which could result in more irregular oil depths over relatively small spatial scales. Given that these uncertainties are critical to the interpretation of the data both topics should be the focus of further studies.
The simple 1D model captures the majority of features in the data, including the amplitudes and structure of the backscatter from the water-oil and oil-ice interfaces. However, the observations suggest that neither of the interfaces is acoustically smooth at all frequencies used in the study, which cannot be explained by such a simple model. For example, the spectra in Fig. 6 (g) include additional oscillations occurring over changes in frequency that are much greater than the peak/null patterns associated with the thickness of the oil layer that may be attributed to small-scale interface roughness. This is consistent with the spatial observations and acoustical inferred oil thicknesses shown in Fig. 9 that suggest both a "rough" interface based on changes in E CP at normal incidence and oil thicknesses that vary over distances comparable to the transducer footprints.
The mismatch between the acoustic impedances of the different layers is the basis of the model in this study and the FIG. 11 . (Color online) (a) A wedge-shaped slab of ice cut from the ice sheet above an oil injection shows the percolation of oil into the brine channels above the oil-ice interface. Although the presence of oil within the brine channels is evident, the total amount of oil within the ice by volume is small. The rectangular insets highlight the portions of the slab that are shown in greater detail by (b) and (c). (b) The complex skeletal layer above the oil-ice interface appears intact despite being in contact with the oil. (c) An ice core including two separate portions of ice. The top of the core extended from the air-ice interface to the oil-ice interface and the bottom portion of the core extended from the oil-ice interface to the ice-water interface. The top portion shows oil percolation into a brine channel above the oil-ice interface. The oil visible on the lower core is superficial and a result of the coring process. (d) Micro-CT scan of the skeletal layer outside of a hoop (no oil). (e) Micro-CT scan of the skeletal layer within a hoop (exposed to oil). Scans (d) and (e) suggest that any changes to the skeletal layer resulting from exposure to the oil were not obvious.
properties of the oil are central to the success of the model. Using this model it is possible to show that changes in the acoustic properties of the oil can have significant implications for the detectability of an oil layer under ice. The density and sound speed are inversely related to the temperature (Batzle and Wang, 1992) . To demonstrate the impact of the oil properties on the scattering, the acoustic properties of crude oil with API gravities from 20 -40 are calculated according to Eqs. (19) and (20) of Batzle and Wang (1992) at temperatures from À15 C to 5 C. These properties are used to calculate the dependence of R w;oil on temperature and API gravity [ Fig. 12(a) ], R oil;ice as a function of frequency, and API gravity at 0 C [ Fig. 12(b) ], and the total reflection coefficient given the API gravity at 0 C [ Fig.  12(c) ]. The results show complex relationships between the temperature, API gravity, and frequency that are driven by the relative contributions of density and sound speed to the acoustic impedance and how rapidly these properties vary with temperature ð@c oil =@T > @q oil =@TÞ. An API gravity greater than used in this experiment results in higher reflection coefficients at the same temperature due the decreases in density and sound speed with API gravity. For heavier oils this is not the case. In fact, for certain temperatures and API gravity combinations the acoustic impedance of the oil can match that of water [ Fig. 12(a) ]. When this occurs, assuming the oil layer is homogeneous, the reflection from the water-oil interface goes to zero and the total reflection coefficient matches that of the water-ice interface alone. For example, at 0 C an oil with an API gravity approximately 26 does not exhibit any nulls over the modeled frequency range and the total reflection coefficient is similar to ice alone [ Fig. 12(c) ], which would complicate the task of identifying an oil layer under those conditions. It was possible to observe the process of encapsulation. However, there was significant temporal variability observed in the echoes as the oil was encapsulated in the ice. Major structural changes in E CP are visible in the first 40 h of the encapsulation time series [ Fig. 10(a) ]. During this period the amplitude of R P remains roughly constant but the dominant scattering interface changes from the oil-ice interface to the water-oil interface for the B1 N channel. The echo from the water-oil interface is equal to or greater than the echo from the oil-ice interface throughout the same period for the B3 N channel. The physical mechanism responsible for these differences is unclear but could be related to a change in the interface roughness as the oil spreads and settles, ice crystal formation below the oil layer, the percolation of oil into the dendrites and brine channels of the ice, and changes to the acoustic properties of the oil as the temperature decreases.
As shown in Fig. 10 , identification of the encapsulated oil layer became more difficult with time. This difficulty is attributed, in part, to the interference of bubbles, which began to buildup on the cart and rise to the surface. Bubble buildup on the bottles and bottom of the ice was first noticed approximately 1 week after the injection shown in Fig. 10 . At that point the cart was extracted to remove the bubbles but the ice surface may have already been compromised. It is possible-perhaps likely-that echoes from oil encapsulated in sea ice remain identifiable over a broader range of ice thicknesses. The amplitudes of the transmitted signals were not changed at any point during the experiment and were sufficiently small to avoid saturating the received signals from a pressure-release surface at a range of 2.2 m. Therefore, it is reasonable to expect that using higheramplitude transmit signals could overcome the scattering from the water-ice interface and attenuation in the ice and oil layers. Previous studies such as Stanton et al. (1986) , which suggested that the attenuation within sea ice is greatest in the skeletal layer due to the high porosity and permeability, also support this hypothesis. This is further supported by observations that the absorption in the skeletal layer alone was between 2.5 dB at 37-92 kHz to 2-5 dB/cm at 92 kHz (Williams et al., 1992) . Reported attenuation rates from sea ice, excluding the skeletal layer, are lower, ranging from 1 dB/m at 10 kHz to greater than 35 dB/m at 500 kHz (Langleben, 1969) . These values suggest that a detecting strong echo from encapsulated oil at relatively low-frequencies (i.e., f < 120 kHz) should be possible at ice thicknesses greater than the 6 cm observed here given sufficient dynamic range. Encapsulated oil was not detected using the oblique backscatter channels. In addition to the aforementioned reasons, this may also be attributed to the relatively low signal-to-noise ratios in the B1 O and B2 O channels. The detection of encapsulated oil using both normal and non-normal incidence backscatter should be the focus of future studies.
The viscosity and surface tension of crude oils could further impact scattering by affecting the percolation of oil into the brine channels and changing the roughness of the water-oil interface. A higher viscosity oil is less likely to percolate up through the narrow dendrites and brine channels of the sea ice. It is currently unclear how significant the . (a) Modeled reflection coefficients from the water-oil interface as a function of temperature and API gravity. The minima are associated with API gravity/temperature combinations at which the acoustic impedance of oil most closely matches the acoustic impedance of the water. (b) The reflection coefficient at the oil-ice interface as a function of frequency and API gravity at 0 C. At 0 C heavier oils (lower API) result in lower reflection coefficients. (c) Modeled total reflection coefficients versus API gravity and frequency at 0 C. When the combination of API gravity and temperature results in an acoustic impedance of oil similar to that of the seawater little energy is reflected back from the water-oil interface, the reflection coefficient at the oil-ice interface is similar to the water-ice interface, there are no nulls in the spectra, and the oil is difficult to detect. This is demonstrated by the model results between 25 and 26 API.
impact of percolation is on the backscatter. Although both the viscosity and surface tension affect the spreading/pooling of oil under ice, the impact of the oil properties is likely to be dominated by under-ice topography in natural settings (Fingas and Hollebone, 2003) . The practical difficulties related to sampling the acoustic properties of the oil and ice layers during the experiment, determining changes to the small-scale ice structure due to the presence of the oil, and measuring the entrainment of the oil into the ice near the oil layer are all significant challenges that, if measured, could be used to further develop predictive models. Despite the unknowns and uncertainties, the agreement between observations and the model in addition to the clear differences between the backscatter from ice and oil under ice suggest that high-frequency broadband acoustic scattering techniques can be used to detect crude oil under sea ice.
VI. CONCLUSIONS
Laboratory measurements of high-frequency broadband acoustic backscatter (75-590 kHz) from crude oil layers of different thicknesses (0.7-8.1 cm) under and encapsulated in laboratory-grown sea ice have been performed. In comparison to previous studies, extensive environmental and acoustic property measurements were made to reduce uncertainties in model parameters and to aid in the interpretation of the data. The results show that high-frequency broadband acoustic scattering techniques can be used to identify and quantify layers of crude oil under laboratorygrown congelation ice. Bandwidth and frequency are important factors affecting the detectability of thin oil layers in temporal domain analysis. With the appropriate transducer parameters echoes from both the water-oil and oil-ice interfaces can be identified for oil layers thinner than 1 cm at normal incidence. A 1D model for the normal incidence, frequency-dependent backscatter with no free parameters captures both the observed amplitudes and spectral structure from the oil under ice. Measurements at a 20 incidence angle are more complex than normal incidence observations and suggest volume scattering within the oil and ice and interface roughness are important. Normal incidence observations also demonstrate that it is possible to detect encapsulated oil layers. Despite remaining uncertainties (e.g., the range dependence of backscatter from oil and ice) this work suggests that high-frequency acoustic backscatter techniques could be a useful addition to an instrumentation package designed for under-ice oil spill detection.
